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The first measurement5 of the effects of pressure on the kinetics and quality of

diamond films grown with hot filament chemical:vapor-deposition are reported.-
Pressure affects growth kinetics largely because it affects heat transfer betWeen the
filament and the substrate and because it affects transport of precursors to the
growing surface. H and CH3 concentrations at the growth surfaces are determined with
our recombination enthalpy technique combined with appropriate transport analyses. The
growth rate rises and then falls with increasing pressure, although there is a satura-
tion in the concentration of CH3 and atomic H at the.surface. The fall in growth rate
at higher pressure is explained with our chemical kinetics model as due to an increase
in substrate temperature at higher pressures. Since the rate of thermal desorption of
the CH precursor increases more rapidly with temperature than the competing rate of
its in.orporation, and since these two rates are comparable, higher substrate tempera-
tures lower incorporation rates, and the growth ratedecreases.
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ABSTRACT

The first measurements of the effects of pressure on the kinetics and quality of

diamond films grown with hot filament chemical vapor deposition are reported.

Pressure affects growth kinetics largely because it affects heat transfer between the

filament and the substrate and because it affects transport of precursors to the

growing surface. H and CH3 concentrations at the growth surfaces are determined

with our recombination enthalpy technique combined with appropriate transport

analyses. The growth rate rises and then falls with increasing pressure, although

there is a saturation in the concentration of CH3 and atomic H at the surface.

The fall in growth rate at higher pressure is explained with our chemical kinetics

model as due to an increase in substrate temperature at higher pressures. Since

the rate of thermal desorption of the CH3 precursor increases more rapidly with

temperature than the competing rate of its incorporation, and since these two rates

are comparable, higher substrate temperatures lower incorporation rates, and the

growth rate decreases. Previously measured Arrhenius plots for diamond growth

kinetics are explained quantitatively. The quality of the diamond, as determined

using Raman and SEM data, falls with increasing pressure and substrate temper-

ature. For the first time, this decline in quality is correlated with experimental

temperature, H:CH3 ratio, and C2H2 concentration measurements.
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INTRODUCTION

A considerable amount of information has been accumulated recently in hot fil-

ament chemical vapor deposition (UFCVD) diamond systems[1,2,3,4,5]. But sur-

prisingly, there are hardly any data for HFCVD systems at pressures other than

about 20 torr[6,7,8]. While it may be that pressures much lower than 20 torr are

avoided because the growth rates are low, it is less obvious why much higher pres-

sures should be avoided in HFCVD systems. For example, one model for diamond

growth[9] predicts sharply higher growth rates at 50 torr than at 20 torr. In this

work we analyze diamond formation as a function of pressure between 5 and 60

torr. The results are interpreted in terms of some of the models that have been

proposed[2,10,11,121 to understand diamond CVD.

EXPERIMENTAL

The growth system was a vertical 3.8 cm diameter quartz tube through which

flowed a mixture of 0.75% CH 4 in H2. The pressure ranged from 5 to 60 torr and

was controlled mainly by adjusting the flow controllers. Cold gas velocities were

in the range 4 to 20 cm/s, implying diffusion-controlled transport (Peclet numbers

substantially less than 1) near the substrate for all cases. The coiled 250 pm di-

ameter tungsten filament was maintained at a color temperature of 2400 ± 25 K,

which required a small increase in filament current as the pressure increased. The

substrate for the growth rate measurements was a 200 pm diameter platinum wire

suspended 5 to 6 mm above the filament on a microbalance[7,8]. The microbalance
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measurements were made after some hours of growth, by which time the diameter

for the diamond-coated wire was between 250 and 350 pm, as measured with an

SEM. In order to account for the changing substrate surface area, each measure-

ment at a given pressure was preceded or followed (usually both) by a measurement

at 20 torr. We report growth rates relative to 20 torr. The substrate temperature

was determined as a function of pressure in separate experiments using a surro-

gate 250 um diameter diamond-coated Pt/90% Pt-10% Rh thermocouple placed

at the same location. H atom concentrations were determined from the recom-

bination enthalpy technique that we developed[13] by measuring the temperature

of a 50 pm diameter Pt/90%Pt-10%Rh probe thermocouple coated with a thin

diamond layer. Mass spectral measurements for CH4 and C2H2 were made using a

quartz microprobe, as described previously[8,14].

For estimating gas phase temperatures we use the results of Meier et a1.[15,16],

who took laser induced fluorescence (LIF) measurements at 4, 10, 20, and 30 torr

near a straight 400 pmn diameter filament. In order to evaluate the effects of

different filament geometry in our experiment (coiled 250 pm filament), we made

thermocouple measurements in 99% He/1% CH4 mixtures between 5 and 60 torr

with both sizes and shape filaments. By using He rather than H2 we avoided the

effects of radical recombination on the thermocouple.

RESULTS

Figure 1 shows that the growth rate goes through a maximum near 30 tort,
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falling by about 40% between 30 and 60 torr. Zhu et al.[6] also observed a rise

and then a fall in growth rate with pressure in their plasma assisted CVD system,

but in their systerm it was not clear whether it was the gas or surface chemistry

or the plasma physics which was being affected by pressure. Figures 2 and 3

show Raman spectra and SEM micrographs of films grown at 10, 23, and 44 torn.

The background luminescence and sp 2 signal at 1550 cm-1 are non-negligible in

Figure 2 at the higher pressures, although the diamond line at 1333 cm- 1 is always

strongly dominant. The line widths are 4.95, 10.8, and 14.1 cm-1 , respectively.

(Instrumental line width -- i 3 cm- 1 ). The diamond surfaces become rougher on a

micron scale at higher pressures.

The only previous measurements of the gas phase temperature in a HFCVD

environment were made by Meier et al[15,161. This group used LIF to measure

the gas temperature as a function of pressure and distance from a straight 400 jum

diameter filament. Our measurements in He/CHj mixtures show only a small

effect (< 50 K) on the gas temperature from changing filament size and geometry,

so we have used their data to estimate our gas temperatures. The LIF data show

a relatively rapid rate of increase in temperature between 4 and 20 torr, and a

smaller rate of increase between 20 and 30 torr (see symbols in Figure 4). Because

there are no experimental gas temperature data for pressures above 30 torr, and

since the He measurements and the substrate temperature measurements (Figure

5) show a similar flattening out of temperature with pressure above 30 torn, we

have extrapolated the gas temperature data to 60 torn, using the He temperature

measurements as a guide, as shown in Figure 4. Fortunately, the analysis is hardly



affected by uncertainty in the gas phase temperature (see below).

The concentrations of CH4 and C2 H2 are shown as functions of pressure in

Figure 6. The CH4 concentration is strongly affected by thermal diffusion[1,14]

near the filament, which accounts in part for its low value relative to the input

concentration. The C 2H2 concentration is approximately independent of distance

from the filament[14].

ANALYSIS

Our models have been successful in predicting experimentally observed growth

rates in a variety of systems[2,10J including HFCVD, low- and atmospheric-pressure

flames, dc, rf and thermal[17l plasmas. Previously, this model was applied only to

systems with a substrate temperatures close to T.. = 1200 K, but Figure 5 shows

that in these experiments the surface temperature varied by more than 250 K. The

ability of the model to account for variations in T.ab has not previously been tested.

H Atom Concentration Measurements

In order to obtain [H],,, (concentration of H at the substrate surface, required

by the model) we first use the 50 pm probe thermocouple to find [H]ec, the con-

centration at the probe thermocouple surface. From a transport analysis we then

determine [HJlk, the concentration in the bulk gas, far from any perturbation by

a substrate. (We note that using a wire of 150 micron diameter gave the same

values for bulk [HI.) Finally, we derive the concentration at the growth substrate

using a second transport analysis.
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According to our analysis for the recombination enthalpy technique, the concen-

tration of atomic hydrogen at the surface of a "sufficiently fine" wire (which can

be a thermocouple) is given by[131

S8E0, T4

[HIe. = (•7y:"E)T•, (1)

where 7H = 2.0 e-s°2°/RT is the probability for H destruction on the (diamond-

coated) thermocouple surface[18]; AE is the heat of recombination forming H2 from

2 U atoms; v is the velocity of an H atom; a is the Stefan-Boltzmann constant;

Tt, is the thermocouple temperature; and e is the emissivity of the diamond-coated

wire. We found previously[13] that a roughly 100 Am thick diamond film increased

the ernissivity of a platinum wire by about 20%. Since the film on the probe

thermocouple wire was only a few microns thick, we set e = e(Pt). "Sufficiently

fine" means small enough so that heat transfer from the gas, radiation heating from

the filament, and conduction along the wire are small compared to heat liberated by

H recombination and heat lost by radiation. Heat transfer becomes very inefficient

as the mean free path of the gas molecules approaches the substrate size. Our

experience shows that at 20 torr (H mean free path - 70 pm) a thermocouple

with a diameter of 130 pm is satisfactory. Since the present experiments involved

pressures as high as 60 torr, we used a thermocouple with a 50 pm diameter, which

was the thinnest practical size.

H atom destruction at the thermocouple surface is partly transport limited,

which means that [HItc is lower than [HI&uk. [H]k and [HI&,a& can be related by

treating the wire as a long cylinder in a cylindrically symmetrical field of H atoms
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and by setting the diffusion rate of H atoms to the wire equal to their destruction

rate at the wire surface. The result is[13]

[I -1 + []n(tIt 2
[H]•zI - 1 n(Rgj/R,) + (4DRl-/yvRe)] (2)

where Rgj is a reference distance such as the distance between the thermocouple and

the filament, R, is the radius of the diamond-coated wire, and DH is the diffusion

coefficient of an H atom. [H]jj/I[H]• drops from about 0.9 to 0.5 as the pressure

increases from 5 to 60 torr. Open symbols in Figure 7 show that [H]aa&W rises slowly

with pressure. The only previous absolute measurements of [HJ&,ak were made by

Mleier et al.[ 19] using LIF. They found [HIbwj to be independent of pressure between

10 and 60 torr. The discrepancy with the present results may be due in part to

experimental differences between their system and ours. For example, Meier et al.

used a 2 mm diameter fiament for these measurements, eight times thicker than our

filament. In their analysis they took the gas temperature at 10 torn to be about 1800

K, more than 1000 K higher than our temperature. However, the most important

diffcrence is probably ouz -:e of a single-M.nament opticil pyrometer, which measures

only the color temperature rather than the true temperature of the filament. We

found that at constant filament current, the color temperature of our filament

decreased by nearly 100 K between 5 and 60 torr, possibly reflecting changes in

heat transfer (a real change in filament temperature) or in the emissivity[20] (an

artifact of our measurement technique). At constant filament current our measured

[H]jIk was independent of pressure. Thus, relatively small uncontrolled variations

in the temperature of our filament probably are responsible for the discrepancy.
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We note that Meier et al. did make some measurements with a thinner (300 Jim

diameter) filament. For that case, their measured H atom concentration is the

same as ours to within experimental error.

From tH]b.dk, we next calculate [H],,b, the concentration at the substrate surface

during growth. Since the wire used in the microbalance experiments is thicker than

the (50 prm) probe thermocouple, it perturbs the local H concentration to a greater

extent. Using Eqn (2) with Rt = 150 pm, we find that [H].,,/[H]6,wh varies from

0.7 to 0.2 as the pressure increases from 5 to 60 torr. [H].,& is plotted as a function

of pressure with solid symbols in Figure 7.

CH 3 Radical Concentration Measurements

In order to determine [CH3]bwk we take advantage of the fact that CH 3 and CH 4

are strongly coupled through the fast reaction

CH3 + H2 = CH4 + H, (M)

which is in partial equilibrium except near the substrate[21]. Therefore, [CH3],wk =

Keq[CH4][Hb•ik/[H2]. Because of the large uncertainty in T.,. for pressures above

30 torr, we are fortunate that K6 q changes only slightly with T..., by about 5% for

a 100 K temperature change. [CH3]bwA is shown with open symbols in Figure 7.

Our value at 20 torr, 2.8 x 10-•1 moles/cm3 ; is very close to the value measured

recently at 20 torr by Menningin et al.[22] using UV absorption. The analysis used

in the present work for [CH 3] is based on (i) the recombination enthalpy technique

to determine [H]t,; (ii) Eqn (2) to derive [Hi,,k; and (iii) partial equilibrium of I to

derive [CH3]bIA. Thus, the excellent agreement between our results and the direct
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measurements of Menningin et al.[22] lends support to these three components of

our analysis. (Menuir..- a et ai.[22] measured a strong dependence of [CH 3] on the

filament temperature which is similar to that observed[13] for [H] a s a function

of filament temperature. The reason for the similarity is the rapid equilibration in

ti., gas phase of I, which forces [Hjbw1& and [CH3 ]&wA to follow one another.)

The relationship between [CH 316Wk and [CH3 ],,A is somewhat more complex than

that between [H]bw, and [H].,A, since [CH 3]J.b is affected not only by destruction at

the surface but also by gas phase reactions-mainly I-fast enough to deplete CH3

as it diffuses through the H concentration gradient, but not fast enough to maintain

partial equilibrium of I all the way in to the substrate surface[23]. Therefore, we

solve the species balance equation,

i913 [2 [CH _ _ [CH 3]] k,[CH 3 ][H2 ] - kL1 [CH4j[Hj, (3)

using the PARA code of Verbrugge and Gu[24]. In this equation, DcHS is the

diffusion coefficient, r is the distance from the substrate, and k, and k-, are the

forward and reverse rate constants for I. Destruction of CH3 by reaction with the

diamond substrate, which makes a small but non-negligible contribution, is treated

as a boundary condition using the approximate destruction probability measured

by Krasnoperov et al.[181, "7cH, = 1.3 e-106'4/mR. The resalts are shown with solid

symbols in Figure 7.
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DISCUSSION

Growth Rate Modeling

In order to interpret the experimental results shown in Figure I we have used a

model that we proposed for growth on the (100)-(2 x 1):H dimer reconstructed face

of diamond[2]. This surface has been observed experimentally[25,26] and examined

with molecular mechanics[27]. The model includes a pair of previously proposed

mechaiiisms[10,281 which operate sequentially: half of the growth is accounted for

by insertion into dimer bonds, while the other half is accounted for by addition

across troughs between dimer bonds. (Because the dimer mechanism is so much

faster than the trough mechanism, the trough mechanism alone gives nearly the

same predictions as the combined mechanism.) The dashed line in Fig 1 shows the

predictions of the model, also scaled to 1.0 at 20 torr. Agreement is rather good,

considering the lack of adjustable parameters in the model, with both experiment

and the model showing a maximum followed by a gradual decrease in growth rate

with pressure.

According to the model, the rise in the growth rate at low pressures is due

mainly to the increase iu [CH 3].,,b as well as the increase in Ta. The decline in

the growth rate at higher pressures, where both [HI,, 1 and [CH3].a saturate, is

due to a higher substrate temperature. (T,.& is near 1200 K at 30 torr.) The rather

complex effect that substrate temperature has is explained as follows. The model

postulates that once a CH3 radical adds to the diamond surface, it has a choice: it

can either desorb thermally or it can undergo further reactions with gas phase H
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atoms that lead to incorpuration of its carbon into the lattice. Since the desorption

and incorporation rates can be on the same order of magnitude, the growth rate

depends sensitively on the branching ratio into these two pithways. The branching

ratio is strongly temperature dependent because thermal desorption (breaking a

C-C bond) has a very much higher activation energy-say, 85 kcal/mole-than

the incorporation reactions (H abstraction)-say, 5-10 kcal/mole. Thus, at low

substrate temperatures (corresponding to low pressures in this work, see Figure 5)

desorption of CH 3 is relatively slow, and most of the CH 3 precursor which adsorbs

is eventually incorporated into the diamond. However, at higher substrate tem-

peratures thermally activated desorption becomes increasingly important, reducing

the growth rate. The model shows that increased desorption relative to incorpora-

tion rates in this temperature range explains the decrease in growth rates at high

pressures.

Thermal desorption also explains the decrease in the growth rate observed

previously-but not explained-in HFCVD systems above 1200 K[29], since the

growth rate decreases if the desorption lifetime of CH 3 is shorter than the time

required for incorporation. Finally, since the CH3 addition and incorporation rates

increase with IH] and jCH3 ] while the desorption rate is independent of the gas

phase composition, our analysis predicts that the temperature at which the growth

rate peaks should be higher for systems with high concentrations of H and CH 3 .

For example, in atmospheric pressure oxyacetylene flames [H]I,, and [CH 3],,, are

about 10-s and 10-9 moles/cm 3a, respectively[211, much higher than the concen-

trations in HFCVD systems. Thus, the model accounts for the observation that

12



growth rates remain high in these flames at very high temperatures[301.

Pressure also plays other, more direct roles in determining growth rates. Most

importanltly, it controls the concentration gradients for H and CH3 , first discussed

by Goodwin[21], because the diffusion coefficients are pressure dependent. Pressure

affects the radical site fraction on the surface, f*, through a more subtle interaction.

f" is determined[10] by a competition between H abstraction

C-H + Ha" = C*+ (+I)

and addition,

."+ Hg = C-H, (III)

where C-H represents a hydrogen-terminated carbon site on the diamond surface,

and CU represents a radical site. For pressures below 20 torr and T*,. below 1200 K,

II and III are nearly irreversible, and at steady state

f" kll (IV)
klen + kill'

However, the reverse of II becomes increasingly important as the temperature

increases and as [1H2] increases relative to [H], both of which happen at higher

pressure. Thus, at high enough pressures f* decreases compared to the prediction

of IV'. With fewer sites available for CH 3 addition, the growth rate is lowered.

The shape of the data in Figure 1 reflects the competing effects of adsorption,

desorption, and incorporation reactions as the pressure and substrate temperature

change. The model (dashed curve) predicts a maximum in the growth rate between

15 and 20 torr (T5, b = 1100 K) compared to approximately 30 torr (To" = 1200 K)
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observed in the experiment. One possible source for this discrepancy could be an

underestimate for the bond strength between CH3 and the lattice. The model would

predict a peak in the growth rate at 1200 K-30 torr-if the bond strength assumed

in the model were increased by roughly 10 kcal/mole or if there were a 10 kcal/mole

barrier in the entrance channel for addition of methyl to the surface. (Our present

model assumes no barrier.) The maximum in the Arrhenius plot of Kondoh[291

is also reproduced quantitatively by the model if a greater bond strength is used.

However, it is important to point out that the morphology of the surface also

varies with pressure, at least on a micron scale, as seen in Figure 3. This variation

in morphology-not accounted for in the model-could also be a source for the

discrepancy. Finally, we should point out that although in this work the growth rate

maximizes between 20 and 30 torr, with other experimental parameters (filament

powcr, filament-substrate distance, substrate dimensions, etc.) the growth rate

would in general maximize at other pressures.

Recently, Goodwin[11], Butler and Wooden[12J, and Kim and Cappeli[31 have

constructed reduced or generic growth mechanisms which describe some of the

features of our detailed mechanism and which can lead to simplified or closed form

sOlutions for the growth rate in terms of [CH 3] and [H]. A typical approximation

in these reduced mechanisms is the assumption that AG for all reactions of a

particular class (abstraction, addition, etc.) is the same. For Goodwin's reduced

mechalnism, which reproduces the detailed mechanism (and experimental data)

very well at 1200 K, another simplifying assumption is that the reactions which

Icad to incorporation of a CH3 carbon can be represented with a single global
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step whose rate is proportional to [H] and to a rate constant ki. In contrast,

more detailed mechanisms[2,32] generally require the presence of radical site pairs,

for which the effective activation energy of formation is twice that for forming

single radical sites. Although it is not yet clear whether reduced mechanisms can

reproduce experimental data over a wide temperature range, it is interesting that

if Goodwin's ki is given an activation energy of 6-10 kcal/mole, corresponding to

a typical abstraction reaction, the reduced mechanism predicts a monotonic fall in

growth rate with pressure in our system. However, if ki is given an activation energy

of 12-20 kcal/mole, twice that for forming single radical sites, the full model-and

the present experimental results-can be fit well.

Corat and Goodwin[33] have recently found that the dependence of [CH3] on the

substrate temperature can be described with an activation energy of approximately

4 kcal/mole. Since the growth rate is first order in [CH3][7], the effective activation

energy for growth would be the suni of the activation energy for [CH3] (4 kcal/mole)

and the activation energy for production of radical site pairs(12-20 kcal/mole), or

roughly 20 kcal/mole. This result is in excellent agreement with the experimental

results of Kondoh at low temperatures (< 1200 K), where the effects of thermal

desorption are small. Thus, both the low and high temperature parts of Kondoh's

Arrhenius plot are accounted quantitatively for with our model.

Effects of Pressure on Diamond Quality

Although a precise definition of "quality" is not available, high quality is of-

ten associated with smooth surfaces and also with certain features in the Raman

spectra, such as a narrow 1333 cm- 1 diamond line and low intensities for both the
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background and the sp 2 peak at 1550 cm- 1 . It has been widely observed that qual-

ity declines as the hydrocarbon fraction in the feed gas increases, and there have

been several explanations offered. Frenklach and Wang[9I proposed that aromatics

such as benzene formed in the gas phase condense on the growing surface, poisoning

diamond growth and promoting formation of an sp2 component. Since aromatic

concentrations increase rapidly with hydrocarbon concentration, quality would de-

cline at higher hydrocarbon concentrations. However, it has been shown[34] that

even at benzene concentrations hundreds of times higher than the -. 1 ppm ob-

served experimentally for HFCVD systems[14], there is no measurable impact on

either the growth rate or the quality of diamond films grown in a discharge flow

tube downstream from the point of benzene injection. (This is true not only near

the injection point but also at points far downstream, where mixing of benzene

with the other gases in the flow tube was complete..) Goodwin[11l and Butler and

Woodin[12] modeled quality as a competition between formation of defects and of

diamond from CH 3 . Both models predict that quality improves as [H] increases

and [ All,] decreases. Figure 8 shows the ratio R -= [H], 1,/[CH 3J.,b. In comparing

Figs 2 and 8 we note that the higher quality at 10 torr compared to 20 torr corre-

lates with a higher value for R. However, R changes little at still higher pressures,

while quality continues to degrade. By assuming that the reaction which forms

defects has a large activation energy, Butler and Woodin predict that for constant

R in a HFCVD environment, quality decreases with increasing temperature for

T0., > 1100 K. Our Raman results are consistent with this prediction. Another

correlation which may be of significance is 'he rapid increase in [C2H2] with pres-
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sure, as seen in Figure 6. Although acetylene can be a precursor for diamond[35,36],

it can also be a precursor for sp 2 carbon[37].

SUMMARY

We have made the first measurements of the pressure-dependence of diamond

growth kinetics in a HFCVD system. The concentrations of H and CH3 at the

substrate surface as functions of pressure were determined, and good agreement

with previous, more direct, absolute concentration measurements is obtained. We

used these data to model our experimental growth rate data, and again, rather good

agreement with relative experimental growth rates was found. WVe find that the

growth rate saturates and then falls above about 30 torr. The saturation in growth

is due to saturation of [H]inb and [CH 3•,,b. A discrepancy in the pressure for peak

growth could be accounted for by a stronger bond between CH3 and the surface than

was used in the model. The observed dependence of the diamond growth rates on

temperature for both HFCVD and flames can be accounted for by the temperature

dependence of thermal desor.t~on of CH3. The Raman spectra, while sparse, give

the first experimental data correlating diamond quality and [HJ.uo/ICH 3].ob. Higher

surface temperatures and C2H2 concentrations also correlate with lower quality in

our system.
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Captions

1. Measured growth rate (filled circles) and predicted growth rate (dashed line)

relative to that at 20 torr. Most points are averages of 2 or 3 measurements.

2. Raman spectra at 10 (bottom spectrum), 23 (middle spectrum) and 44 (upper

spectrum) torr. Background luminescence and the 1333 cm- 1 line width increase

dramatically with pressure.

3. SEM of diamond films grown at 10, 23, and 44 torr.

4. Gas phase temperatures as a function of gas pressure. Solid squares are the

data of Meier et al. The dashed line is the temperature dependence assumed in

this work.

5. Substrate temperature as a function of gas pressure.

6. Methane and acetylene concentrations at the substrate as functions of pres-

sure.

7. Concentrations of C1 3 and atomic H as functions of gas pressure. Open

symbols arc bulk concentrations, far from any perturbation by a surface. Solid

symbols are concentrations at the growth substrate.

8. H:CH 3 ratio as a function of pressure.
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